The Bloom's syndrome gene, BLM, encodes a protein which bears homology to the RecQ helicases. It is believed to be involved in DNA replication and has been implicated in the maintenance of genomic stability. To investigate whether BLM was involved in cellular responses to DNA damage Bloom's syndrome fibroblasts were treated with either UV or ionizing radiation and the levels of p53 and two of its down stream effectors, p21 waf1/cip1 and hdm2, were determined by western blot analysis. Following 20 J/m 2 UVC-radiation we observed that the maximal accumulation of p21 waf1/cip1 and hdm2 proteins preceded that of p53 in both a normal diploid fibroblast cell strain (GM0038) and in two Bloom's syndrome cell strains. Furthermore, the Bloom's syndrome cells demonstrated a delayed and prolonged accumulation of all three proteins and a delayed recovery of the protein levels back to pre-damage levels compared with the normal cell strain. Conversely, normal and Bloom's syndrome cell response following 2.5 Gy of ionizing radiation was quite similar for p21 waf1/cip1 and hdm2, but differed significantly for p53. Maximum accumulation of p53 occurred within 2 h of damage and preceded that of p21 waf1/cip1 and hdm2. These results suggest that the BLM protein may play a role in the detection of certain types of DNA damage and in the cellular response to that damage.
Introduction
Bloom's syndrome (BS) is a rare genetic disorder which leads to a great predisposition to cancer. The BS gene product (BLM) is thought to play an important role in the maintenance of genomic stability since cells from patients with Bloom's syndrome accumulate excessive numbers of mutations and experience a high number of sister chromatid exchanges (1, 2) . BLM bears homology to RecQ helicases which are a subfamily of DExH box-containing DNA and RNA helicases (2) . Most cultured cells from patients with this disease do not appear to have any DNA damage repair deficiency, abnormal sensitivity to UV radiation (3), or abnormal p53 accumulation following UV or X-ray induced DNA damage (4) . Several groups have reported alterations in enzymes involved in DNA replication and repair in some cultured BS cells, such as DNA ligase I (5) and c-myc (6) , which may then lead to abnormal responses to certain DNA-damaging agents. Maintenance of genomic integrity is extremely important for dividing cells, since replication or segregation of damaged DNA at mitosis leads to DNA instability and even lethality in some cases (7) .
Previously, it was thought that in cells which have undergone genotoxic stress, DNA instability may be prevented by the reversible cessation of the cell cycle at cell cycle checkpoint pathways, possibly providing additional time for DNA repair (8) . It has been suggested that genetic stability may be maintained by preventing cells which have undergone genotoxic stress from ever re-entering the cell cycle due to a permanent cell cycle arrest (9) . A great deal of evidence exists to implicate the tumour suppressor protein p53 in several cell cycle checkpoint pathways that can affect genetic stability. p53 mediates a G o /G 1 arrest triggered by various forms of DNA damage (4, (10) (11) (12) and by cellular stress such as hypoxia and ribonucleotide depletion in the absence of DNA damage (13, 14) . This G o /G 1 arrest depends on the ability of p53 to transcriptionally activate the cyclin-dependent kinase inhibitor p21 waf1/cip1 (15) (16) (17) . The mechanism of p53 induction following DNA damage or cellular stress is not well understood, but appears to require protection against proteolysis. The increase of protein level does not appear to require de novo protein synthesis since treatment of cells with cellular transcription inhibitors does not block p53 accumulation in normal cells. This suggests that accumulation of p53 may be regulated, at least in part, by post-translation modification of the protein (18) . p53 degradation in vivo is mediated, at least in part, by the ubiquitin proteolysis system (19) . It is possible that DNA damage and cellular stress elicit a signal which represses ubiquitin-mediated degradation of p53.
Ionizing and UV radiation cause different types of DNA damage which are repaired through different pathways. The accumulation and ubiquitination of the p53 protein have been shown to be differentially affected by these two forms of radiation (4, 20) . It has been observed that X-ray exposure of cells leads to a rapid accumulation of p53 which then decreases over a relatively short period of time (Ͻ10 h), while UV exposure of cells leads to a slow accumulation of p53 which then slowly decreases (over 20 h) (4). Although p53 accumulation was observed, the presence of p53-ubiquitin conjugates could be detected in non-irradiated and γ-irradiated cells but not in UV treated cells (20) . This suggests that accumulation of p53 following UV and ionizing radiation occurs by different pathways. However, although p21 waf1/cip1 is also targeted for degradation by the ubiquitin-dependent proteolytic pathway, neither UV nor ionizing radiation had any effect on its stability or ubiquitination (20) . It has also been reported that p21 waf1/cip1 induction and a p21 waf1/cip1 mediated growth arrest can occur independently of p53 following UV irradiation in human fibroblasts deficient in p53 (21) . This suggests that although p53-dependent transcriptional induction of p21 waf1/cip1 occurs following DNA damage, p53-independent mechanisms also exist which can become active in the absence of the p53 protein. The p53 response to UV damage may also occur by two different mechanisms; it is possible that two different forms of p53 are produced following UV damage, one transcriptionally active and the other not, since enhanced accumulation of p53 protein does not necessarily correlate with the transcriptional activity of the protein (22) .
Having identified one BS cell strain with an abnormal response to UV and X-ray irradiation (4) we decided to examine the response of two other BS cell strains to UV and ionizing-radiation induced DNA damage compared with a normal diploid fibroblast cell strain. We followed cellular p53 response and the transcriptional activation of its downstream effectors p21 waf1/cip1 and hdm2 over a defined period of time. We found that the kinetics of p53 protein induction and recovery, and that of its downstream effectors, differed depending on the type of damage and whether the cell was normal or a BS cell strain.
Materials and methods

Materials
Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine serum (FBS), phosphate-buffered saline (PBS) and trypsin-EDTA solution were obtained from BRL Life Technologies (Paisley, UK). All other chemicals were obtained from Sigma (Dorset, UK). 
Cell irradiation
Sub-confluent cell monolayers were exposed to either 20 J/m 2 of UVC radiation in a XL-15000UV cross-linker (Spectronics Corporation) or 2.5 Gy γ radiation in a 37 Cs unit (IBL, France). Exposure times were very short (Ͻ60 s) with respect to assay times. After exposure the cells were grown in fresh complete media for varying periods of time.
Antibodies
The monoclonal antibodies (PAbs) DO-1, 240 and 421 recognize different p53 epitopes. PAb4B2 was used to detect hdm2 and PAb118 (gift from Dr X.Lu) detects p21 waf1/cip1 .
Direct western blotting
Cells were lysed in 150 mM NaCl, 50 mM Tris-HCl pH 8.0, 5 mM EDTA, 1% NP-40, 2 mM dithiothreitol (DTT), 2 mM phenylmethylsulphonyl fluoride (PMSF) for 30 min on ice and the cell extract cleared by centrifugation at 13000 g for 30 min at 4°C. Total protein concentrations were determined via the Bradford assay procedure. Ten micrograms of normalized total cell lysate (10 µg/well) were separated by a 15% (p21 waf1/cip1 ), 12% (p53) or 8% (hdm2) SDS-PAGE. After separation, the protein was transferred onto Protran Nitrocellulose membrane (Schleicher & Schuell, Germany) using a Bio-Rad Mini Trans-blot Electrophoretic Transfer Cell overnight at 20 mA, at room temperature in 190 mM glycine, 25 mM Tris-HCl, 20% methanol. Prestained molecular weight markers (Bio-Rad) were run in parallel. Blots were blocked in 5% dried milk powder, 0.1% Tween-20 in PBS (TPBS) for 1 h at room temperature, then incubated 1 h at room temperature with monoclonal antibodies PAbDO-1, PAb240 and PAb421 (ascites) at 1:1000 for p53, PAb 4B2 at 1:476 for hdm2, pAb 118 at 1:1000 for p21 waf1/cip1 . Blots were washed in TPBS and incubated for 1 h at room temperature with peroxidase-conjugated rabbit anti-mouse IgG (p161) (Dako Ltd, Buckinghamshire, UK) diluted 1:1000, and protein bands were detected by enhanced chemiluminescence using reagents supplied by Amersham International. Protein levels were quantified by densitometry [Bioimager system and Wholeband Analysis Software (Millipore)].
Results
Protein accumulation following DNA damage
Normal HDF (GM0038) and cells from two BS patients (GM02932 and GM03402), were subjected to either ionizing or UV radiation, and the accumulation of p53, p21 waf1/cip1 and hdm2 proteins was observed over an extended period of time. Both BS cell strains behaved similarly; in the interests of clarity, only results on the GM02932 cell strain are shown here. Only one normal cell strain was used in this study since the GM0038 cell strain is very well characterized and is fairly representative of a normal cellular response in culture. GM0038 cells subjected to 20 J/m 2 UVC radiation demonstrated a slow accumulation of p53, p21 waf1/cip1 and hdm2 over the subsequent 3-12 h (Figure 1) . Interestingly, the maximal p21 waf1/cip1 and hdm2 protein levels preceded that of p53. The p21 waf1/cip1 and hdm2 proteins appear to reach their maximal expression levels~8 h after UV damage followed by p53 at 12 h. Figure 1 also reveals that following the initial decline in p53 and p21 waf1/cip1 protein levels, a subsequent accumulation begins~24 h after UV damage. However, hdm2 protein levels experience a second brief accumulation after the initial declinẽ 24 h following UV damage. This second accumulation of hdm2 precedes that of p53 and p21 waf1/cip1 . The subsequent accumulations were observed in multiple experiments and when recovery was observed up to 96 h following damage (data not shown).
In contrast, the accumulation of p53, p21 waf1/cip1 and hdm2 proteins in GM0038 cells is very different following 2.5 Gy ionizing radiation. Figure 2 demonstrates that accumulation of p53 and p21 waf1/cip1 proteins occurs very rapidly following ionizing radiation damage, whereas hdm2 is slightly delayed. Here, the p53 protein level rapidly accumulates reaching its maximum~2 h after ionizing radiation, followed by a decline back to near pre-damage levels at 6 h. A second, much slower, accumulation of p53 protein level then occurs over the subsequent 12 h measured following damage. The p21 waf1/cip1 and hdm2 protein accumulations appear to take slightly longer to reach their maximal levels, at~3 h following damage. In contrast to p53, after their initial decline p21 waf1/cip1 and hdm2 protein levels remain at pre-damage levels up to 18 h following damage.
GM02932 cells subjected to 20 J/m 2 UV radiation demonstrated a slow accumulation of p53, p21 waf1/cip1 and hdm2 over a 20 h time period, slightly longer than normal cells (Figure 3) . Figure 3D graphically represents the accumulation of all three proteins and clearly demonstrates the differing periods of time over which the accumulations occur. The maximal p21 waf1/cip1 and hdm2 protein levels preceded that of p53 similar to normal cells. The p21 waf1/cip1 and hdm2 proteins both appear to reach their maximal levels between 12 and 18 h after UV damage followed by p53 at~18 h. Figure 3 also reveals an initial accumulation of p21 waf1/cip1 preceding its maximal accumulation at 4 h following UV damage, this trend was observed in repeat experiments (data not shown). Following their initial maximal levels p21 waf1/cip1 and hdm2 protein levels begin to decrease returning to or slightly below pre-damage levels between 30 and 35 h, respectively. p53 protein levels appear to decrease, but have not returned to their pre-damage levels by 36 h following UV damage.
As was the case with the GM0038 cells, the accumulation of p53, p21 waf1/cip1 and hdm2 proteins is very different in the BS cells following 2.5 Gy ionizing radiation. Figure 4 illustrates Fig. 1 . Western blot analysis of p53, p21 waf1/cip1 and hdm2 protein levels following 20 J/m 2 UV radiation in GM0038 cells. Cells were harvested at the time (hours) indicated below the lanes following UV radiation. p53 was detected with a cocktail of PAbs DO-1, 240 and 421 and is shown in (A). p21 waf1/cip1 was detected with PAb118 and is shown in (B). hdm2 was detected with PAb4B2 and is shown in (C). A graphic representation of the accumulations observed is shown in (D) following densitometric analysis of the protein levels. Fig. 2 . Western blot analysis of p53, p21 waf1/cip1 and hdm2 protein levels following 2.5 Gy ionizing radiation in GM0038 cells. Cells were harvested at the time (hours) indicated below the lanes following radiation. p53 was detected with a cocktail of PAbs DO-1, 240 and 421 and is shown in (A). p21 waf1/cip1 was detected with PAb118 and is shown in (B). hdm2 was detected with PAb4B2 and is shown in (C). A graphic representation of the accumulations observed is shown in (D) following densitometric analysis of the protein levels. Fig. 3 . Western blot analysis of p53, p21 waf1/cip1 and hdm2 protein levels following 20 J/m 2 UV radiation in GM02932 cells. Cells were harvested at the time (hours) indicated below the lanes following UV radiation. p53 was detected with a cocktail of PAbs DO-1, 240 and 421 and is shown in (A). p21 waf1/cip1 was detected with PAb118 and is shown in (B). hdm2 was detected with PAb 4B2 and is shown in (C). A graphic representation of the accumulations observed is shown in (D) following densitometric analysis of the protein levels. Fig. 4 . Western blot analysis of p53, p21 waf1/cip1 and hdm2 protein levels following 2.5 Gy radiation in GM02932 cells. Cells were harvested at the time (hours) indicated below the lanes following UV radiation. p53 was detected with a cocktial of PAbs DO-1, 240 and 421 and is shown in (A). p21 waf1/cip1 was detected with PAb118 and is shown in (B). hdm2 was detected with PAb 4B2 and is shown in (C). A graphic representation of the accumulations observed is shown in (D) following densitometric analysis of the protein levels.
the rapid accumulation of all three proteins following exposure to ionizing radiation. Here, the p53 protein rapidly accumulates reaching its maximal level~2 h after ionizing radiation, remaining enhanced over the following 4 h before gradually returning to near pre-damaged levels at 12 h after damage. A second, much slower, accumulation of p53 protein was observed at 12 h following damage and is more pronounced when the recovery is observed up to 96 h following damage (data not shown). The accumulation of both the p21 waf1/cip1 and hdm2 proteins appears slightly slower than p53; their maximal levels are reached at 3 h following exposure to ionizing radiation. Unlike p53, p21 waf1/cip1 and hdm2 protein levels return to pre-damage levels by 18 h following damage.
Response and recovery in normal compared with BS cell strains
The cellular response type and rate appears to differ depending on the DNA damage incurred. The expression of p53, p21 waf1/cip1 and hdm2 in UV treated GM02932 cells differs considerably when compared with the same responses in UV treated GM0038 cells. The maximal levels of all three proteins are reached at a later time point following UV damage in BS cells as compared with the response in GM0038 cells ( Figures  1 and 3) . However, both cell strains demonstrated the enhanced levels of p21 waf1/cip1 and hdm2 proteins preceding that of the p53 protein. The slow decline or recovery of all three proteins observed in UV damaged BS cells contrasts with the rapid decline or recovery of these proteins in the UV damaged normal cells. Unlike UV irradiated GM0038 cells, after their initial decline the p53, p21 waf1/cip1 and hdm2 protein levels remained at pre-damaged levels even at 36 h following UV damage.
Following exposure to 2.5 Gy ionizing radiation, GM0038 and GM02932 cells rapidly accumulate p53, p21 waf1/cip1 and hdm2 proteins. As observed, the maximal accumulation of the p53 protein preceded that of both p21 waf1/cip1 and hdm2. Here, the p53 protein reached its maximal accumulation 2 h after damage, followed by p21 waf1/cip1 and hdm2 at 3 h in both GM0038 and GM02932 cells following ionizing radiation. The decline or recovery of all three proteins following exposure to ionizing radiation was considerably slower in GM02932 cells (Figure 4 ) when compared with the fairly rapid declines observed in GM0038 cells (Figure 2) . A second, much slower, accumulation of p53 protein was observed in both cell strains, GM0038 and GM02932, between 12 and 18 h, and 16 and 18 h, respectively. After the initial decline of p21 waf1/cip1 and hdm2 protein their levels remained at pre-damaged levels even to 18 h following damage in both cell strains, unlike p53.
Discussion
Fibroblast cells from Bloom's syndrome patients were used to investigate the level of expression of p53, and its downstream effectors following different forms of DNA damage. UVC irradiation causes cyclobutane pyrimidine dimers and other lesions including DNA nicks, while ionizing radiation causes both DNA nicks and double strand breaks. These lesions can be repaired by nucleotide excision repair. Although BLM is not thought to be involved in DNA repair, various reports have demonstrated that cultured BS cells show varied and abnormal responses to DNA-damaging agents. BLM has been implicated in DNA replication (2) and one group has suggested that an increased level of strand breaks in BS cells provides a signal for the increased translation of the c-myc protein (6) . These data suggest that DNA damage combined with the BLM 2119 defect may lead to the specific translation of a repressor or an activator protein involved in the cellular response to the damage. The c-myc protein is involved in the regulation of cellular proliferation and differentiation and its downstream effectors are believed to include hsp70 and p53 (23, 24) . Two of 11 tested BS fibroblast cell strains failed to accumulate p53 following UV irradiation and demonstrated a delayed response following X-ray exposure (4). The remaining nine BS fibroblasts demonstrated a p53 response to either X-ray or UV exposure. Two of these BS fibroblast cell strains were used to examine the expression of p21 waf1/cip1 and hdm2 following DNA damage induced p53 induction compared with a normal fibroblast cell strain GM0038. These two particular strains were chosen, since they grew well in culture and were believed to be fairly representative of the nine BS cell strains which demonstrated a p53 response.
The responses of p53, p21 waf1/cip1 and hdm2 were examined by western blot analysis over a prolonged time course following DNA damage. The responses of all three proteins was a rapid accumulation following ionizing compared with UV radiation. Interestingly, following UV radiation the maximal levels of p21 waf1/cip1 and hdm2 preceded the maximal level of p53. This early accumulation may reflect that p21 waf1/cip1 and hdm2 are induced by both p53-dependent and -independent pathways following UV radiation leading to their early accumulation (21) . A second possibility is that when the latent pool of p53 present in the cells becomes activated it is transcriptionally active (25) and is able to activate its down stream effectors rapidly as the protein itself is beginning to accumulate. There is some speculation that the p53 expressed in cells following UV damage exists in two different forms, one that is transcriptionally active and the other which is not (22) . It is also interesting to note that even 30 h following the damage the level of all three proteins remain above the pre-damage level. Also, all three proteins experienced secondary accumulations 24-30 h following UV damage. This same trend of p21 waf1/cip1 and hmd2 preceding the p53 accumulation is also observed in the BS cells, although in these cells the accumulation is much slower and less defined with the peak of accumulation being very broad. These results indicate that although the mechanisms for signalling of upstream regulatory components to p53 and from p53 to its down stream effectors exist in these cells, the mechanisms are not regulated as they are in normal cells. This may reflect the involvement of the BLM protein in damage detection or may indicate that other mechanisms have been affected by the lack of the BLM protein.
Several reports have shown that the induction of p53 protein is not impaired in Ataxia Telangiectasia cells following UV irradiation (4, 26) suggesting that UV or ionizing radiation may increase p53 protein accumulation through alternative mechanisms or pathways. The work of Maki and Howley (20) has demonstrated that the signalling pathways and even the stabilization signals, differ between γ and UV radiation induced DNA damage. They showed that both UV and γ radiation result in accumulation of p53, although ubiquitin-conjugated forms decrease in cells following UV radiation and increase in cells following γ radiation. Western blot analysis of the GM0038 and BS GM02932 cells also revealed a difference in p53 accumulation between UV and ionizing radiation and a difference in the rate at which the downstream effectors accumulated (Figures 1-4) . When protein levels were measured over the 96 h following UV and ionizing radiation damage we observed second and third accumulations, and recoveries of the proteins in a pattern similar to that observed at the early time points for the individual cells (data not shown).
Di Leonardo and colleagues (27) showed that normal diploid fibroblasts entered a prolonged arrest state, resembling senescence, following even low doses of irradiation. They also observed a G 1 arrest which correlated with long-term elevations in p53 and p21 waf1/cip1 protein levels. They proposed, from this data, that unrepaired DNA damage present in G 1 , before the restriction point, causes the p53-dependent cell-cycle arrest pathway to generate a long-term arrest, preventing cells with damage from entering S phase. These observations appear to agree with the data presented here. Starting with an asynchronous cell population we observed extended elevations of cellular protein levels and subsequent accumulations of the proteins probably reflecting those cells damaged post-G 1 and, subsequently, undergoing cell-cycle arrest. It has been reported that BS cells undergo a normal cell cycle (28) although there may exist two cell populations in BS cells, one with a slow cycle and another with a slightly accelerated cycle (29) . It is possible then that the phase distribution and the cellular populations within BS cells may affect the levels and rate at which proteins accumulate and the rate of recovery following cellular damage, this may also involve the BLM protein either directly or indirectly. Although BS cells are generally not hypersensitive to UV or X-ray irradiation and no known defect in a specific DNA repair enzyme or pathway has been reported, they appear to have great difficulty in resolving specific DNA structures, particularly those generated during replication (2) . The BLM protein is also thought to interact with enzymes involved in DNA replication and repair; its absence then would affect maintenance of genomic stability and those proteins involved in this process.
Data presented here provide more evidence that normal and BS fibroblast cells differ in the cellular accumulation of p53, and in its ability to activate its downstream effectors following either UV or ionizing radiation. Furthermore, BS cells demonstrate a prolonged and delayed accumulation and recovery of their protein levels, particularly following UV radiation. Following ionizing radiation BS cell protein levels accumulate similarly to normal fibroblasts, but a delayed recovery of the p53 protein level is observed. This suggests then that the BLM gene product may be involved in DNA damage detection and cellular recovery of protein levels and cellular response to the damage. Further studies will need to assess the cellular status of and within the cell cycle, and the role of BLM in detecting and maintaining genetic stability.
